ABSTRACT Objective: DSM-5 revised the diagnostic criteria for anorexia nervosa (AN) by eliminating the amenorrhea requirement, liberalizing weight and psychological criteria, and adding the formal diagnosis of "atypical AN" for individuals with AN psychological symptoms without low weight. We sought to determine whether bone density (BMD) is impaired in women diagnosed with AN using the new, more liberal, DSM-5 criteria.
Introduction
Anorexia nervosa (AN) is an eating disorder historically characterized by persistent food restriction, low body weight, and difficulty recognizing the seriousness of the illness. 1 A large body of literature highlights important psychological co-morbidities and medical sequelae of AN as diagnosed by the Diagnostic and Statistical Manual of Mental Disorders, fourth edition (DSM-IV), including comorbid psychopathology, endocrine complications such as amenorrhea and bone loss, 2 and high mortality. 3 DSM-5 recently supplanted DSM-IV for the diagnosis of psychiatric disorders and introduced multiple changes broadening the definition of AN, including removing a specific low-weight guideline, changing weight phobia to be explicitly or implicitly present (instead of requiring explicit endorsement), and eliminating the amenorrhea criterion. 4 Furthermore, the formal diagnosis of "atypical AN" was created within Other Specified Feeding or Eating Disorder (OSFED) for individuals who meet AN psychological criteria but are not low weight-previously, atypical AN was not named but rather described as a numbered example of Eating Disorder Not Otherwise Specified (EDNOS) in DSM-IV.
across the AN spectrum of eating disorders in DSM-5.
Data suggest that the prevalence of DSM-5 AN is significantly greater than that of DSM-IV AN. [5] [6] [7] Furthermore, atypical AN may be even more common than DSM-5 AN. 8 Given that DSM-5 AN and atypical AN capture a broader clinical group than DSM-IV AN, the extent to which clinical features-and therefore clinical interventions-that are wellcharacterized for DSM-IV AN will generalize to DSM-5 AN and atypical AN remains unknown. No prior study has compared bone mineral density (BMD) and/or body composition across DSM-IV AN, DSM-5 AN, atypical AN, and a healthy comparison group. If low BMD is prevalent in AN diagnosed by DSM-5 criteria despite less stringent weight and amenorrhea criteria, mental health practitioners treating AN spectrum disorders may consider referring patients for BMD screening. In addition, recent data suggest similar levels of eating disorder and general psychopathology between women with DSM-IV AN and DSM-5 AN, [9] [10] [11] and between women with DSM-5 AN and atypical AN, 8, 12 but no study has directly compared the three groups.
Methods
This study was approved by the Partners Human Research Committee, and we obtained written informed consent from all participants.
We studied 168 premenopausal women, ages 18-45 years, who were consecutively recruited for three different NIH trials between 5/2004 and 7/2015 and met the following diagnostic criteria:
1. DSM-IV AN (N 5 37): <85% ideal body weight (IBW)  (1959 Metropolitan Life Insurance Tables  13 with medi- um frame size) (Criterion A) and with amenorrhea (lack of menses for 3 months) or taking estrogen/ progestin therapy (Criterion D). ), but not meeting the more stringent DSM-IV criteria (because weight was 85% IBW or eumenorrhea was present). For an AN spectrum diagnosis, criterion B (weight phobia) and C (body image disturbance, undue influence of weight or shape on self-evaluation, or lack of recognition of illness severity) were assessed via Structured Clinical Interview for DSM-IV (SCID-IV) in 81/147 participants, and were inferred based on prior assessment in the rest. AN participants reported age, highest and lowest past weight (reported in 140/147 participants), duration of illness, estrogen/progestin use, date of last menstrual period, history of amenorrhea (reported in 137/147 participants), and treatment history. For analysis of the association between current menstrual status and BMD, women who were currently amenorrheic (n 5 52), eumenorrheic (n 5 50), or on oral contraceptive pills (OCPs) (n 5 35) were included; women taking DepoProvera, transdermal estrogen, or an intra-uterine device (n 5 8) were excluded, as were those without current menstrual data (n 5 2). Physical activity was quantified using the Paffenbarger scale.
14 Healthy women were recruited from the general population through newspaper advertisements, posters, website announcements, and emails. Additional exclusion criteria for healthy women included abnormal thyroid function tests, conditions or medications known to affect bone metabolism, major psychiatric diagnosis (e.g. depression or anxiety syndromes, schizophrenia, bipolar disorder), pregnancy or breastfeeding, diabetes mellitus, active substance abuse, or hemoglobin <10 g/dL. In addition, no subjects had rheumatoid arthritis or pain syndromes.
We assessed BMD and body composition by dualenergy X-ray absorptiometry (DXA) (Hologic 4500, Hologic, Inc., Waltham, MA, USA) (precision of 0.01 g/cm 2 at the spine and 3% for fat mass 15 ). Postero-anterior (PA) spine BMD, measured from lumbar vertebra 1 through lumbar vertebra 4, was available for 166/168 participants. Lateral spine BMD, also measured from lumbar vertebra 1 through lumbar vertebra 4, was available for 105/168 participants. Total hip BMD, with a region of interest at the proximal femur, was available for 119/168 participants. Total radius BMD, with a region of interest comprised of the distal 1/3, mid-distal, and ultra-distal radius, was available for 114/168 participants. We measured eatingdisorder psychopathology using the Eating Disorder Examination-Questionnaire (EDE-Q) 16 and the Eating Disorder Inventory-2 (EDI-2). 17 Co-morbid psychopathology was assessed by the Hamilton Depression Rating Scale (HAM-D) 18 and Hamilton Anxiety Rating Scale (HAM-A). 19 Clinical characteristics, BMD, and body composition for subgroups of DSM-IV and DSM-5 AN participants have previously been reported, [20] [21] [22] [23] [24] [25] but data for those with atypical AN have not been previously published.
Statistical Powering
With 20 participants per group, the probability was 98% that the study would detect a difference at a two-sided 0.05 significance level if the true difference in PA spine BMD Z-scores is 1.0, based on a SD of 0.78. 26 This difference is relevant because the difference in PA spine BMD T-scores in low-weight amenorrheic women with AN (21.9 6 0.1) and low-weight eumenorrheic women with AN (20.9 6 0.1) was 1.0 in Miller et al. 26 Data Analysis JMP Statistical Discovery Software, version 11 Professional (SAS Institute, Inc., Cary, NC) was used. Variables were assessed for normality using the Shapiro-Wilk test, and if non-normal, were log-transformed. We compared continuous variables across the four groups (i.e., DSM-IV AN, DSM-5 AN, ATYPICAL AN, and a healthy comparison group) using Tukey-Kramer to adjust for multiple comparisons. We compared the frequency of categorical variables across the three AN groups using Fisher's Exact Test; pairwise comparisons were only performed when the overall p value was .05 to correct for multiple comparisons. We divided the ATYPICAL AN group according to lowest lifetime IBW (i.e., <85% or 85%) or history of amenorrhea (present or absent) because prior low weight and/or amenorrhea may impact current BMD. Threeway comparisons were performed with Fisher's Least Significant Difference testing. Additional corrections for multiple comparisons are not indicated when this method is used for three-group comparisons. 27 Significance was defined as a two-tailed p value .05. Data are reported as mean 6 SEM and n (%).
Results
Clinical Characteristics (Table 1) Although currently normal weight, the majority of women with atypical AN (n 5 62/75, 83%) were low weight (BMI <18.5 kg/m 2 ) in the past, and therefore would have met DSM-5 AN criteria in the past. A smaller majority of women with atypical AN (n 5 46/70, 66%) would have met DSM-IV AN criteria in the past given a history of both low weight (IBW <85%) and amenorrhea. As anticipated based on diagnostic criteria, the prevalence of current amenorrhea was significantly greater in DSM-IV AN (p < .0001) (women who were not amenorrheic were on OCPs as per DSM-IV criteria 1 ). A similar percentage of participants (85%) in all three AN groups had a history of amenorrhea in the past.
Bone Mineral Density DSM-5 AN had mean BMD Z-scores at the PA spine, lateral spine, and total hip that were significantly lower than healthy women (p < .001), and similarly low compared to DSM-IV AN (Fig. 1A) . ATYPICAL AN had significantly higher mean Zscores at the PA spine, total hip, and total radius compared to DSM-IV AN (p < .05), but still had significantly lower mean Z-scores at those three sites compared to healthy women (p < .005) (Fig. 1A) . A BMD Z-score <21.0 28 at any site was present in 78% (n 5 29/37) of DSM-IV AN, 82% (n 5 27/33) of DSM-5 AN, and 69% (n 5 53/77) of ATYPICAL AN (p 5 .28). A BMD Z-score <22.0 28 at any site was present in 49% (n 5 18/37) of DSM-IV AN, 39% (n 5 13/33) of DSM-5 AN, and 24% (n 5 18/77) of ATYPICAL AN (p < .0001). In order to determine the prevalence of low BMD in AN as defined in current clinical practice, we performed a separate analysis that categorized participants according to current DSM (i.e., DSM-5) criteria: (1) DSM-5 AN whether or not they would have met the more stringent DSM-IV criteria (in contrast to the previous analyses that focused on women who met DSM-5, but would not have met the more stringent DSM-IV), (2) ATYPICAL AN, and (3) healthy comparison group (Fig. 1B) . Mean BMD Z-scores were lowest in the DSM-5 AN group, intermediate in the ATYPICAL AN group, and highest in healthy women (p .0005). A BMD Z-score <21.0 at any site was present in 80% (n 5 56/70) of DSM-5 AN, and 69% (n 5 53/77) of ATYPICAL AN (p 5 .14). A BMD Z-score <22.0 at any site was present in 44% (n 5 31/70) of DSM-5 AN, and 25% (n 5 19/77) of ATYPICAL AN (p 5 .01).
Across the groups, there was a negative linear relationship between lowest lifetime BMI and BMD Z-scores at the PA spine (R 5 0.37, p < .0001), lateral spine (R 5 0.31, p 5 .002), total hip (R 5 0.42, p < .0001), and total radius (R 5 0.32, p 5 .0008). After adjusting for current BMI, the relationship remained significant at the total radius (p 5 .03). To determine whether a history of low weight is a predictor of current BMD specifically in women with atypical AN, we analyzed mean BMD Z-scores in three groups: (1) ATYPICAL AN with prior low weight (defined as BMI <18.5 kg/m 2 ), (2) ATYPI-CAL AN without a history of low weight, and (3) healthy comparison group ( Fig. 2A) . ATYPICAL AN with prior low weight (n 5 62/75, 83%) had lower mean Z-scores at the PA spine, lateral spine, and total hip (p < .05), and ATYPICAL AN without a history of low weight (n 5 13/75, 17%) had similar mean Z-scores at the PA spine and total hip, compared to healthy women. A BMD Z-score <21.0 was present in 76% (n 5 47/62) of ATYPICAL AN with prior low weight vs. 31% (n 5 4/13) of ATYPI-CAL AN without a history of low weight (p 5 .002). A BMD Z-score <22.0 was present in 24% (n 5 15/ 62) of ATYPICAL AN with prior low weight vs. 23% (n 5 3/13) of ATYPICAL AN without a history of low weight (p 5 .91). Of the women with atypical AN without a history of low weight but a BMD Z-score <21.0, 100% (n 5 4/4) had a history of amenorrhea. When low weight is defined as IBW <85%, the data differed in the following way: ATYPICAL AN without a history of low weight had lower mean Z-scores at the PA spine compared to healthy women (p < .05).
Across all AN groups, those with a history of overweight/obesity (n 5 27/147, 18%) had significantly lower mean BMD Z-scores at the PA spine, lateral spine, and total hip compared to healthy women (p < .001). Across all AN groups, those with a history of overweight/obesity had similar mean Z-scores at the lateral spine, total hip, and total radius, and significantly higher mean PA spine Zscores (p < .05), compared to those without a history of overweight/obesity (n 5 120/147, 82%). To determine whether a history of overweight/obesity was protective for BMD specifically in women with atypical AN, we compared ATYPICAL AN with a history of overweight/obesity (n 5 18/74, 24%) to healthy women. Women with atypical AN and a history of overweight/obesity had significantly lower mean Z-scores at the lateral spine and total hip, and a trend towards lower mean Z-scores at the PA spine (p < .10), compared to healthy women (p < .05). ATYPICAL AN with a history of overweight/obesity had similar mean Z-scores at the lateral spine, total hip, and wrist, but significantly higher mean PA spine Z-scores (p < .05), compared to ATYPICAL AN without a history of overweight/ obesity. The majority of women with atypical AN and a history of overweight/obesity also had a history of low weight (n 5 13/18, 72%). Our cohort did not include a large enough sample of participants with atypical AN and a history of overweight/obesity but without a history of low weight to perform statistical analysis to determine whether such women, in the setting of rapid weight loss, have evidence of bone loss.
Regarding the impact of amenorrhea on the AN group as a whole (all participants with AN and atypical AN combined, n 5 147), both women with a history of amenorrhea (n 5 116/137, 85%) and women without a history of amenorrhea (n 5 21/ 137, 15%) had significantly lower mean BMD Zscores at the PA spine, lateral spine, and total hip compared to healthy women (p < .05). There was no difference in mean Z-scores at the PA spine, lateral spine, total hip, or total radius between women with a history of amenorrhea and women without a history of amenorrhea. Women with current amenorrhea (n 5 52/137, 38%), current spontaneous menses (n 5 50/137, 36%), and current OCP use (n 5 35/137, 26%) all had significantly lower mean Z-scores at the PA spine, lateral spine, and total hip compared to healthy women (p < .001). Women with current spontaneous menses had significantly higher mean Z-scores at the PA and lateral spine compared to women with current amenorrhea (p .05), but similar mean Z-scores at the total hip.
To determine whether a history of amenorrhea is a predictor of BMD in ATYPICAL AN, we compared mean BMD Z-scores in three groups: (1) ATYPICAL AN with a history of amenorrhea, (2) ATYPICAL AN without a history of amenorrhea, and (3) healthy comparison group (Fig. 2B) . ATYPICAL AN with a history of amenorrhea (n 5 59/71, 83%) had significantly lower mean Z-scores at the PA spine, lateral spine, and total hip compared to healthy women (p < .001). In contrast, ATYPICAL AN with no history of amenorrhea (n 5 12/71, 17%) had mean Zscores that were not statistically different than healthy women, although the mean Z-score was <0 at all sites. A BMD Z-score <21.0 was present in 73% (n 5 43/59) of ATYPICAL AN with a history of amenorrhea vs. 50% (n 5 6/12) of ATYPICAL AN without a history of amenorrhea (p 5 .17). A BMD Z-score <22.0 was present in 31% (n 5 18/59) of ATYPICAL AN with a history of amenorrhea vs. 8% (n 5 1/12) of ATYPICAL AN without a history of amenorrhea (p 5 .17). Of the women with atypical AN without a history of amenorrhea but a BMD Zscore <21.0, 100% (n 5 6/6) had a history of low weight.
To determine the combined effect of prior weight and menstrual status in ATYPICAL AN, we compared mean PA spine BMD Z-scores in four groups: (1) ATYPICAL AN with prior low weight (BMI <18.5 kg/m 2 ) AND history of amenorrhea, (2) ATYPICAL AN with prior low weight OR history of amenorrhea, (3) ATYPICAL AN with no history of low weight AND no history of amenorrhea, and (4) healthy comparison group (Fig. 3) . ATYPICAL AN with no history of low weight AND no history of amenorrhea (n 5 5/76, 7%) had a mean PA spine Zscore that was similar to healthy women. In contrast, both ATYPICAL AN with a history of low weight or amenorrhea (n 5 14/76, 18%) and ATYPI-CAL AN with a history of low weight and amenorrhea (n 5 50/76, 66%) had mean PA spine Z-scores that were significantly lower than healthy women (p < .02). Sufficient numbers of other BMD sites were not available for comparison.
Body Composition
We compared body composition variables in four groups: (1) DSM-IV AN, (2) DSM-5 AN who did not meet the stricter DSM-IV criteria, (3) ATYPICAL AN, and (4) healthy comparison group (Fig. 4) . Mean lean mass and percent fat mass in DSM-5 AN were similar to DSM-IV AN, and significantly lower than healthy women (p < .0001), with intermediate quantities in ATYPICAL AN (p .01) . Although mean percent fat mass differed between DSM-5 and ATYPICAL AN (p < .05), mean lean mass did not. Across the three AN groups, amenorrheic women had significantly lower mean percent fat mass compared to eumenorrheic women (p < .0005). Across the groups, there was a positive linear relationship between lean mass and mean BMD Zscores at the PA spine (R 5 0.34, p < .0001), lateral spine (R 5 0.35, p 5 .003), total hip (R 5 0.40, p < .0001), and total radius (R 5 0.29, p 5 .002). After adjusting for BMI, the relationship between lean mass and total hip and total radius Z-scores remained significant (p < .05), and the relationship between lean mass and PA spine Z-score trended toward significance (p < .10).
Psychopathology
There was no difference in eating disorder, depression or anxiety scores across the three AN groups ( Table 1 ). All AN groups had increased psychopathology relative to healthy women.
Discussion
Our data suggest that despite broadening AN diagnostic criteria to include higher weight and eumenorrheic women, DSM-5 continues to capture a group of women across the AN spectrum with commensurately severe BMD impairment and psychopathology. Individuals with DSM-5 AN who do not meet the more stringent DSM-IV criteria have equally low BMD Z-scores as those with DSM-IV AN. Moreover, normal-weight women with atypical AN have BMD between women with DSM-IV AN and healthy women. However, absence of a history of low weight and amenorrhea may be relatively protective against low BMD in women with an AN spectrum eating disorder. In addition, both individuals with DSM-5 AN and atypical AN have significantly lower mean lean mass and percent fat mass than healthy women, suggesting that both fat and muscle mass decline with weight loss. This is the first report of direct statistical comparisons across DSM-IV AN, DSM-5 AN, atypical AN, and a healthy comparison group regarding BMD, body composition, and psychopathology, and suggests that women diagnosed with DSM-5 AN, and normal-weight women with atypical AN, should be considered for BMD screening, especially those with past low weight and/or amenorrhea. Mental health practitioners play a key role in assessing AN spectrum illnesses and as such need to be aware of these comorbidities.
It is well-known that women who meet DSM-IV AN criteria have low BMD; this study adds that women with DSM-5 AN not previously captured by the more stringent DSM-IV criteria and those with atypical AN also have significantly impaired BMD. Previous studies using DSM-IV AN criteria reported that >50% of women with AN have osteopenia, >30% have osteoporosis, and <15% have normal BMD at all skeletal sites. 29, 30 Women diagnosed with DSM-IV AN may have a seven-fold greater risk of fracture than expected for sex and age. 31 A recent meta-analysis of a combined group of women diagnosed with AN using DSM-III, DSM-IV, or DSM-5 criteria reported a prevalence of osteoporosis of 22%, a prevalence of osteopenia of 46%, and a significantly increased risk of fracture compared to healthy women. 32 Our study demonstrates that women who meet DSM-5 AN criteria, but who would not have met the stricter DSM-IV criteria, have mean BMD Z-scores that are similarly low to those with DSM-IV AN. Normal-weight women diagnosed with atypical AN, especially those with a history of low weight or amenorrhea, also have evidence of significant bone loss compared to healthy women. We previously demonstrated that in individuals with DSM-IV AN, amenorrhea negatively impacts BMD independent of BMI, especially at the PA spine, 26, 29 and that regaining of menses is a stronger predictor of bone mass recovery than weight gain. 26 Our study expands these findings to the broader AN spectrum, and demonstrates that women with atypical AN and a history of low weight and/or amenorrhea have a significantly lower mean PA spine BMD Z-score compared to healthy women despite not being currently low weight. It is notable that a current higher weight does not fully protect against low BMD associated with an AN spectrum eating disorder in the setting of prior low weight and/or amenorrhea. Similarly, a history of overweight/ obesity does not protect against low BMD in women with an AN spectrum eating disorder. Therefore, a history of prior low weight and/or amenorrhea remain important indications for DXA in women with DSM-5 AN and atypical AN. Given the small number of women in this study with atypical AN and no history of low weight nor amenorrhea, it is unclear whether all such women with atypical AN should be screened for bone loss; this is an area for future research.
We also demonstrate significant differences in body composition across DSM-IV AN, atypical AN, and healthy women, as well as between DSM-5 AN and healthy women. Mean percent fat mass was similarly low in women with DSM-IV and DSM-5 AN, higher in those with atypical AN, and highest in healthy women, with a similar pattern for lean mass except there was no difference between DSM-5 AN and atypical AN. DSM-5 is now capturing two new groups of women, DSM-5 AN and atypical AN, who share a characteristic feature with DSM-IV AN-low percent body fat. As BMI decreases from a healthy comparison group to atypical AN and DSM-IV AN, there is also concurrent loss of lean mass-not just fat mass-suggesting that loss of muscle mass is an unavoidable consequence of pathological food restriction, even though weight loss occurs in the setting of body image disturbance and "fat phobia." Loss of lean mass may also contribute to low BMD.
Our data suggest that women with DSM-5 AN or atypical AN exhibit similarly severe eating-disorderspecific and associated psychopathology in comparison to women with DSM-IV AN, including on depression and anxiety rating scales. This is despite broadening diagnostic criteria for AN spectrum eating disorders in DSM-5 to include weight phobia as explicitly or implicitly present, liberalizing the weight criterion, and removing the amenorrhea requirement, which may all be markers of the severity of psychiatric disease. These data confirm that expanding the DSM-5 criteria for AN spectrum eating disorders did not dilute psychopathology severity.
Limitations of the study include its crosssectional design, such that causality cannot be determined. Research participants may not be representative of women with AN and atypical AN in community samples. For example, most women with atypical AN in this study had a history of low weight whereas there may be significant numbers of women who present in the community with atypical AN who have never been low weight or who have lost weight from an overweight or obese state. We attempted to address this by separately evaluating the minority of women with atypical AN and no history of low weight, and we demonstrated that this subset of women had similar mean PA spine and total hip BMD Z-scores compared to healthy women. In addition, most women (94%, n 5 66/70) with low-weight AN had BMI between 16 and 18.5 kg/ m 2 ; the small number of participants with BMI <16 kg/m 2 did not permit comparisons of BMIseverity groups as newly defined by DSM-5, but is typical of individuals participating in outpatient eating-disorder research. Other limitations include that not all participants had BMD measured at every site, which limited our ability to evaluate BMD Zscores in smaller subgroups, serum was not available for hormone determination, and historical information about prior low weight and menstrual status was collected restrospectively via survey, and may not be entirely reliable.
In conclusion, impairments in BMD and psychopathology are prevalent and severe in women with DSM-5 AN and atypical AN despite broadening diagnostic criteria of AN spectrum eating disorders to include individuals who do not meet the strict weight and amenorrhea criteria of DSM-IV. Women with DSM-5 AN, who would not have been diagnosed as having AN by the more stringent DSM-IV criteria, have equally low BMD Z-scores as DSM-IV AN. In addition, more than two-thirds of normalweight women with atypical AN have BMD Zscores <-1.0 at one or more skeletal sites. It is notable that a higher weight does not fully protect against low BMD associated with an AN spectrum eating disorder in the setting of prior low weight and/or amenorrhea. This information is highly salient to psychiatry clinical practice because it demonstrates that despite the loosening of classification criteria, DSM-5 captures two new groups of women with significant psychopathology and low body fat-low-weight women with DSM-5 AN and normal-weight women with atypical AN who have a history of low weight and/or amenorrhea-who should be considered for BMD screening. Moreover, recognition that lean mass-not just fat mass-is lost with pathological food restriction may enhance motivation for change in women who fear that they will only gain weight as fat during weight restoration. In conclusion, BMD impairment and comorbid psychopathology in women with AN spectrum eating disorders extend beyond those with current low weight and amenorrhea as historically defined by DSM-IV.
